Hydrological condition is one of the important factors impacting microbial structure in riparian wetlands. However, how these microbial communities respond to different hydrological gradients through environmental factors remains uncertain. The main objective of this research was to identify soil microbial community structure under various water levels in a wetland and provide instructive information for assessing wetland function.
Introduction
Riparian wetlands are the hot spots of hydrological and biochemical ecotone between river and terrestrial ecosystems. They support many ecological functions including water purification and sequestration of phosphorus, nitrogen, and carbon (Theriot et al. 2013; Heikkinen et al. 2018) . Development of these wetlands is driven by various environmental factors, and one of the primary processes is hydrological alteration, which controls many critical features of wetland, including the biochemical cycle of nutrients (such as organic matter, nitrogen, and phosphorus), vegetation succession, and removal of toxic materials (Weyer et al. 2018) .
Microorganism directly participates in some important biochemical processes, playing a key role in maintaining soil ecosystem service function (Andersen et al. 2013) . Specific microbial groups control the process of nitrification, denitrification, and organic detritus decomposition, and tend to favor specific environment formation (Schimel and Gulledge 1998) . For example, bacteria mostly consume easily available substrates, while fungi tend to utilize complicated and resistant substrates (Glaser et al. 2004 ). Thus, the result indicated that more fungi facilitated the accumulation of SOC (Allison and Vitousek 2005) . Moreover, microbial communities were considered as relatively sensitive to the environmental variations of soil system (Moon et al. 2016; Ma et al. 2017) . The organic matter, available nitrogen (AN), and available phosphorus (AP) had been proven to determine the microbial composition in soil (Rousk et al. 2010; Liu et al. 2013; Kamble et al. 2014) . Therefore, identification of the responses of microbial communities is important for the comprehensive understanding of the changes of soil ecosystem function (Card and Quideau 2010) . Phospholipid fatty acid (PLFA), as an efficient microbial biochemical indicator, has been widely applied for determination of response of microbes to environment variation.
Frequent fluctuation in water levels with different topography often leads to significant differences in soil moisture within a wetland (Sánchez-Rodríguez et al. 2019) . The shift of hydrologic gradients and flooding duration induces the differences in environmental factors and soil microbial composition (Yu and Ehrenfeld 2010; Hu et al. 2014) . According to literature, each group of PLFA exhibits unique response toward variation in soil moisture (Bardgett et al. 1999; Unger et al. 2009 ). Branched fatty acid and monounsaturated fatty acid exhibited frequent occurrence under anaerobic and aerobic conditions, respectively (Bossio et al. 2006) . As an important bacteria species, G + bacteria show a strong adaptability to harsh environment, while G − bacteria are very sensitive to environmental deterioration. Therefore, ratio of G + to G − is often used to characterize the tolerance and stability of microbial community to various environmental conditions (Zou et al. 2013) .
Soil microorganism cells secrete numerous enzymes, providing necessary catalysts for some important biochemical cycle processes, such as denitrification or nitrification (Reed and Martiny 2007) . However, enzyme activities change with the environmental factor in the process of carbon accumulation and nutrient cycling. Baddam et al. (2016) indicated that redox conditions level, pH, SOC, and nutrients were significantly related with enzyme activities and microbial composition in wetlands. However, the influence of hydrological conditions on microbial communities through environmental factors has rarely been investigated.
In this study, field sampling was performed in a riparian wetland to identify the response of microbes toward different hydrological alterations. It was hypothesized that (i) edaphic factors, soil microbes, and enzyme activities exhibited variation in different hydrological gradients; (ii) some nutrient factors impacted soil enzyme activities and microbes; and (iii) nutrient level and water content combined to drive soil microbial system.
Materials and methods

Sampling site
The study was conducted in a riparian wetland of Songhua River Basin (47°18′ N, 131°57′ E). The annual average rainfall was 575 mm, and the temperature ranged from − 21 to 22°C with the average temperature of 1.9°C. The soil was frozen from late October to April and began to thaw in early May.
Based on hydrological conditions, four sampling plots were selected in the riparian wetland in May, 2014 (Table 1) . Five soil samples within 0-20 cm of the soil top layer were randomly collected from these selected zones with the same vegetation community.
Laboratory analyses
Soil samples were pretreated according to requirement of different test index. For PLFA, the soil was frozen to dry at − 20°C. In order to investigate the physicochemical properties, the soil was filtered through a 4-mm sieve to remove the plant roots and large rocks.
The soil water content (SWC) can be obtained by drying the soil to a constant weight at 60°C and then comparing it with the initial weight. SOC and dissolved organic carbon (DOC, extracted from soil with 1:5 soil-water ratio) were determined using a multi N/C® 3100 TOC analyzer (Analytik Jena, Germany). Soil total nitrogen (TN) and total phosphorus (TP) were measured using a discrete auto analyzer (Westco, Italy) (Fixen et al. 1990 ). The soil sample was hydrolyzed with a sodium hydroxide (NaOH) solution (1.8 mol L −1 ) in a sealed diffusion dish. The available nitrogen (AN) solution was transformed into ammonia gas at 40°C for 24 h, and absorbed by boric acid (H 3 BO 3 ), and then titrated with standard hydrochloric acid to calculate the content of soil hydrolytic AN (Xiong et al. 2008) . The air-dried soil sample (2.5 g) was incubated with NaHCO 3 (50 mL, 0.5 M) solution at 25°C for 0.5 h (Murphy and Riley 1962) , and then the extracted available phosphorus (AP) was measured using a discrete auto analyzer (Westco, Italy) (Kleinman et al. 2001) .
Although numerous studies have shown that vegetation can significantly drive soil biological process, only a few quantitative studies have been conducted. In this study, leaf nitrogen content (leaf N) was applied to determine the influence of plants on soil microbial composition (Devries et al. 2012) . Values for leaf N were measured using an auto analyzer (Westco, Italy) and compared with the results reported by Zhang et al. (2014) .
Soil enzyme activity
Briefly, p-nitrophenyl (PNP, 1 mL) phosphate and toluene (0.2 mL) were added to fresh soil sample (1 g) and incubated at 37°C for 1 h to measure the PNP release for determination of alkaline phosphatase activity (Tabatabai 1972) . Urease activity was measured in terms of the determination of the NH 4 + release from fresh soil (5 g) in a water-urea substrate incubated at 37°C for 2 h (Tabatabai and Bremner 1972) . Invertase activity was identified by glucose produced from air-dried soil (5 g) in a sucrose substrate incubated at 37°C for 24 h (Liang et al. 2014 ).
Microbial community structure
PLFA was applied to assess soil microbial biomass and community composition. Specifically, a single-phase mixture of chloromethane, methanol, and citric acid buffer (pH 7.4) at a ratio of 1:2:0.8 (v/v/v) was used to extract lipids from the freeze-dried soil sample. Then the extracted lipids were separated into neutral lipids, sugar lipids, and polar lipids (phospholipids) using a silicate column in 2 h. Finally, fatty acid methyl was identified by gas chromatography (GC, Agilent N6890) and using a MIDI Sherlock microbial identification system (MIDI 4.5). Fame 19:0 (70 ng mL −1 ) was added to convert peak chromatography reaction into molar reaction.
The PLFAs as bacterial markers include 15:0,17:0; a15:0,a17:0; i14:0,i15:0,i16:0; i17:0,10Me16:0; 10Me17:0; 10Me18:0; cy17:0; cy19:0; br18and; 18:1ω7 in this study (Kourtev et al. 2002) . Fatty acids a15:0, a17:0, i16:0, and i17:0 represented Gram-positive (G + ) bacteria, while 15:1ω6c, 16:1ω7c, 18:1ω7, cy17:0, and cy19:0 represented Gram-negative (G − ) bacteria. Frostegård et al. (2011) indicated that large amounts of cy19:0 were also found in some G + . However, this phenomenon only appeared in a fermentation simulation experiment (Schoug et al. 2008) , and cy19:0 from natural soil system was still considered as an important marker of G − in numerous studies (Tornberg et al. 2003; Fierer et al. 2003; Potthoff et al. 2006; Brockett et al. 2012) . Therefore, cy19:0 was also classified as G − in this study. Fungal biomass was indicated by fatty acids 21:0, 23:0, 18:1ω9, 18:2ω6, 18:3ω3, 18:3ω6; and fatty acids 10Me16:0, 10Me17:0, and 10Me18:0 represented actinomycic biomass. Fatty acids 9, 12 20:2ω6, and 20:4ω6 were used as protozoa biomass indicator (Birgander et al. 2014 ).
Data analysis
Soil salinity, i.e., pH showed little difference in studied wetland, and Ou et al. (2019) indicated that these factors showed little spatial variation and were not dominant factors to the microbial composition in the same study area. Moreover, owing to the limited sample size used in this study, excessive independent variables would reduce the accuracy of redundancy analysis (RDA) results. Therefore, this study focuses on the relationship between soil nutrient factors and soil microbial community.
The relationship between edaphic factors and microbial features was determined by Pearson correlation analysis. Paired-samples t test was applied to analyze the differences of soil sample data. RDA is a statistical tool to explain the relationship between multivariate explanatory factors and 3 Results
The soil properties
Soil samples collected from all sampling plots were tested to be silt loam. The water content of different plots ranged from 29.13 to 64.80%. The content of SOC, TN, and TP showed a significant decrease with lower water content in the soil. However, the nutrition availability (AP and AN) varied among plots and did not show any proportional relationship with water content. Nonetheless, in the perennial flooded site (A) containing Carex appendiculata community, the SOC showed the highest value of 33.92 g kg −1 . The seasonal flooded site (B1), on the other hand, showed the highest DOC content. A and B1 sites exhibited higher AP values compared with B2 and B3 sites. However, for AN, the content order from high to low is as follows: A > B2 > B3 ≈ B1 ( Fig. 1) . Fig. 1 The variation of edaphic factors along hydrological gradients
The microbial composition
The total amount of PLFA reflected the biomass of microorganism in the sample sites. In this study, content of total PLFA ranged from 8.15 to 15.41 nmol g −1 soil (dry weight). The biomass in perennial flooded soil (A) was the highest, while the total amount of PLFA in B1, B2, and B3 was reduced by 14.81, 14.88, and 14.86%, respectively (Fig. 2) . In case of the bacterial, fungal, and actinomycic PLFA, A was tested to be having the highest value among all the sampling zones.
Different hydrological conditions result in various responses of microbial groups. The MRPP results showed that hydrological conditions exhibited the greatest influence on fungi, followed by bacteria, and had little effect on actinomycetes ( Table 2 ). The microbial composition at perennial flooded site (A) was significantly different from that at seasonal flooded sites (B1-B3). The difference of bacterial community among the seasonal flooded sites (B1-B3) was obviously decreased. However, although B2 and B3 sites were in the same water depth, significant differences in the fungi Fig. 2 The PLFA distribution of microbial community structure in different sites community between the two sites were observed, indicating that vegetation types might cause changes in the microbial community.
The bacterial fatty acids dominated the total fatty acids in all the sample sites, with concentrations ranging from 6.68 to 13.11 nmol g −1 soil. They accounted for 85.09-80.64% of the total PLFA, followed by fungal (9.09-12.23%) and actinomycic (5.06-6.02%) PLFA. The ratios of G + /G − and F/B varied from 1.44 to 2.45 and 0.11 to 0.81, respectively, while perennial flooded wetlands generally showed higher G + /G − and lower F/B values, when compared with the other alternate drying-wetting wetlands (Fig. 2) .
In the researched wetland, a total of 38 types of PLFA were found, which could be classified into polyunsaturated fatty acids, branched chain saturated fatty acids, monounsaturated fatty acids, hydroxy fatty acids, cyclopropane fatty acids, and straight chain saturated fatty acids. The types of PLFAs showed a decreasing trend with the deterioration of hydrological conditions in the wetland, where the perennial flooded soil had the most abundant PLFA with 35 types. Twelve types of branched chain saturated fatty acids (represented by 15:0iso) were detected, which accounted for 18.38-27.73% of the total PLFA. The monounsaturated fatty acids and straight chain saturated fatty acids accounted for 14.22-15.88% and 11.95-14.35%, respectively. In contrast, the proportion of cyclopropane fatty acids, hydroxy fatty acids, and polyunsaturated fatty acid was very low. However, the ratio of monounsaturated fatty acids (aerobic microbes)/branched fatty acids (anaerobic microbes) increased from 0.43 to 1.69 with the decrease in the water content in the soil (Table 3 ).
Enzyme activities
Different enzyme activities responded differently to the change in hydrological conditions. The biomass carbon showed a decreasing trend in wetland with lower water content. However, it did not show any significant difference between the two seasonally flooded sites (B2 and B3) . The invertase and urease showed similar trends, with the highest values in the seasonal-flooded wetland B2 and the lowest value in seasonal-flooded wetland B1. The alkaline phosphatase activity decreased with lower water content, leading to a lower content of AP in the soil (Figs. 1 and 3) .
Linkage between microbial community and environmental factors
Pearson correlation was measured to evaluate the linkage between environmental factors and microbial structure and enzyme activities (Table 4 ). Water content, SOC, AN, and AP significantly impacted the biological activity. The water content was remarkably related with biomass carbon, alkaline phosphatase, total PLFA, bacterial PLFA, actinomycic PLFA, G − , and G + (Table 4) .
Different enzyme activities were sensitive to the change in various environmental factors. Alkaline phosphatase showed significant correlations with SWC, AN, AP, SOC, and leaf N. On the other hand, invertase showed significant correlations only with AN and DOC; however, urease showed significant correlations with DOC and C/N. Noteworthy, the main factors responsible for different structures of microbial community and enzyme activity were slightly different. The RDA results displayed the linkage among the microbial community, enzyme activity, and edaphic factors (Fig. 4) . The first two ordination axes in RDA explained about 88.61% of the effect of soil properties on microbial community (p < 0.0001, from 499 permutations). Among these environmental factors, AN was the principal factor, explaining 51.56% of the variation (p < 0.006, from 499 permutations). The following factors in the list were AP and C/N, accounting for 24.37% (p < 0.008, from 499 permutations) and 12.69% (p < 0.046, from 499 permutations) of the variation, respectively. Moreover, the first two axes also explained 83.91% of the variation in the enzyme activity (p < 0.0001, from 499 permutations). AP was the principal factor, explaining 69.12% of the variation of enzyme activity (p < 0.002, from 499 permutations). Furthermore, SOC and DOC could explain 8.39% (p < 0.01, from 499 permutations) and 6.41% (p < 0.042, from 499 permutations) of variation, Fig. 3 The response of enzyme activities to hydrological gradients 
Discussion
Response of microbial community to hydrological conditions
Both the soil microbial biomass and composition showed significant differences among different wetlands. The total PLFA was in the range from 8.15 to 15.41 nmol g −1 soil (dry weight), which is lower than that of the biomass in alpine wetland (35.43 nmol g −1 , fresh weight) (Liu et al. 2019 ) and higher than that in the coastal wetland (3.23-7.07 nmol g −1 ). Salinity has been proven to be one of the key edaphic factors that inhibit the microbial biomass (Xu et al. 2017) . The bacteria were found to be the predominant species in the microbial community accounting for 80.64-85.09% of total PLFA, followed by fungi (9.09-12.23%) and actinomycetes (5.06-6.02%). A similar structure was also found in coastal wetlands in China (Xu et al. 2017 ). This microbial community structure is different from that in paddy fields where actinomycetes and G + bacteria are the dominant species (Kimura and Asakawa 2006; Li et al. 2017 ). In this case, different environmental habitats of these wetlands could possibly be the determining factors for the difference in their respective formed microbial community structure. Various hydrological conditions induce permanently or seasonally inundated soil systems in riparian wetlands. Microbial community is affected by hydrological conditions through soil moisture, aeration, and vegetation types. Soil moisture was found to be a critical factor for microorganism growth and reproduction, thus significantly relating to the functional potential of soil microbes (Brockett et al. 2012 ). In the wetland studied herein, soil moisture showed a significant correlation with total PLFA. Some researchers found that microbial biomass had negative correlation with water content attributed to poor growth of plant due to low oxygen level resulting from long-term inundation (Tian et al. 2013; Xu et al. 2017) . In this study, the results showed that microbial biomass decreased from permanently to seasonally inundated soil. Change in vegetation composition following the variation of hydrological conditions led to the alteration in the quality of litters and roots, further controlling the soil microbial community by providing different types of carbon sources and changing SOC level and composition. This is attributed to the fact that the above-ground part of plant can serve as one of the major carbon sources, and quality and dynamics of carbon probably regulating the microbial community structure (Orwin et al. 2006; Artz et al. 2006; Trinder et al. 2008 ). Huguet and Rudgers (2010) also showed various patterns of bacterial communities attributed to the rhizospheres micro-environment of different plants. The perennial flooded soil showed the highest microbial biomass in the studied wetland, which can be explained in terms of both the relatively more available carbon substrates and oxygen transport capacity conveyed by predominant plant Carex appendiculata community with large above-ground biomass and well-developed roots (Yuan et al. 2015; Lou et al. 2016) .
Influence of soil moisture on various functional groups varied significantly. Morris and Boerner (1999) indicated that biomass of fungi and bacteria varied greatly with soil moisture gradient, and fungi propagation was limited due to long-term moisture pattern. An increase in the biomass of G − bacteria is usually found in soil with higher water content mainly due to their aerobic growth (Bossio et al. 2006) . Higher SWC significantly influenced the fungi (Rickerl et al. 1994) , which was responsible for the decreased ratio of F/B in perennial flooded soil compared with that in seasonally flooded soil. Higher SWC led to the increase in the amount of straight chain saturated fatty acids and reduced monounsaturated fatty acids in the studied wetland, which is consistent with the results that the reduction of monounsaturated fatty acids was observed under flooding environment (Bossio and Scow 1998) . The PLFAs with methyl groups are frequently used as biomarkers for sulfate-reducing bacteria. The methylated PLFAs in the perennial flooded soil were more than those in the seasonal flooded wetlands because the anaerobic conditions favored the growth of sulfatereducing bacteria. The ratio of branched fatty acid to monounsaturated fatty acid increased from perennial flooded soil to seasonally flooded soil, which is ascribed to the fact that branched fatty acid and monounsaturated fatty acid are relatively abundant in anaerobic and aerobic conditions, respectively (Bossio et al. 2006) .
Microbial composition did not show significant difference in seasonally flooded soils; nonetheless, the perennial flooded environment remarkably influenced the structure of microbial community (Fig. 1) . Thus, except for hydrological conditions, there were still other factors controlling the microbial community (Drenovsky et al. 2004; Xu et al. 2017 ).
The impact of edaphic factors on microbial community
The response of microbial composition to environmental variables has been a hot research field for many years; however, how the shift of soil nutrition and water content affects microbial communities has not been accurately concluded to date (Jaatinen et al. 2007 ). Seasonal-flooded soil has lower content of SOC, AN, and AP because of the increased nitrogen and phosphorus removal efficiency and DOC loss resulting from alternate flooding-draining conditions (Hentschel et al. 2007; Mchergui et al. 2014) . Therefore, it can be inferred that long-term inundation stimulated the increase of different functional group PLFA (including bacteria, fungi, and actinomycetes) by providing more nutrition (Table 3) , because it has been proven that high level of readily available carbon and nitrogen usually results in substantial increase in the microbial biomass (Liu et al. 2012; Ramirez et al. 2012) . The amount of available carbon, nitrogen, and phosphorus leads to the change in the structure of the microbial community, because some microbes favor sugars and amino acids and other easy available carbon source, while others tend to live on more recalcitrant organic matter, including lignin and cellulose. (Unger et al. 2009 ). The limited available carbon, nitrogen, and other nutrients would restrict the growth of bacteria and fungi ). However, bacteria preferred a high-fertility site; thus, the ratio F/B decreased with increasing nutrient levels (Williamson et al. 2005; Hogberg et al. 2007) , which is similar to the results obtained in case of the boreal forest (Pennanen et al. 1999) . Actinomycetes play an important role in the decomposition of carbon compounds in nutrient-poor environment (MacKenzie and Quideau 2010), which could explain increasing percentage of actinomycetes in B3 (with the highest C/N), predominant by the Phragmites australis community. The proportion of G + decreased with the increase in DOC, which favors other microorganisms than G + (Buyer et al. 2010) .
Soil enzyme activity was found to be another important indicator to microbial function (Peralta et al. 2013) . Enzymes are able to trigger important transformations in nutrient cycling. In the studied wetland, AP and organic carbon (SOC and DOC) explained 78.4 and 16.8% of variances in the enzyme activities, respectively. Allison et al. (2007) also found that microbial composition was more strongly related to soil phosphorus than to biomass carbon. Urease and alkaline phosphatase activities largely depend on the available nitrogen and phosphorus in the soil (Table 4 ). Higher soil enzyme activity is suitable for the growth of plants and microorganisms, thus improving the pollution removal efficiency of wetland systems (Cui et al. 2013) . Therefore, it can be inferred that perennial flooded soil may result in more phosphorus removal, whereas alternate drying-wetting soil with Phragmites australis community shows higher nitrogen removal efficiency. Both existing research results and the monitoring results in this study indicated that the increase of AN was conducive to the secretion of more soil alkaline phosphatase by microorganisms (Table 4 ). Furthermore, this study indicated that the input of leaf N caused the decrease of alkaline phosphatase content (Table 4) , which may be attributed to the high C/N ratios (80:1) probably inhibiting the activity of soil microorganisms.
However, only fungi were significantly correlated with the invertase and alkaline phosphatase. G + and G − significantly influenced alkaline phosphatase (Table 5 ). However, alkaline phosphatase was only correlated with G + in constructed wetland (Wu et al. 2013) . Probably, the different environmental background could account for the difference in the correlation between microbial community and enzyme activity. 
Conclusions
This study identified the response of microbial composition and enzyme activities to hydrological gradients. The alternate flooding-draining events accelerated carbon, nitrogen, and phosphorus loss in riparian wetlands. The perennial flooded conditions stimulated the increase of bacteria, fungi, and actinomycetes by providing ample available nutrients. Available nitrogen (AN) and available phosphorus (AP) accounted for most of the variance in microbial community. Hydrological conditions and available nutrient levels jointly lead to the change of microbial composition and function in the riparian wetland.
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